Abstract-Data takes on two ascending orbits of the Shuttle Imaging Radar-B (SIR-B) over an agricultural test site in west-central Illinois were used to establish end-to-end transfer functions for conversion of the digital numbers on the 8-bit image to values of the radar backscattering coefficient u0 (m2/m2) in dB. The transfer function for each data take was defined by the SIR-B response to an array of six calibrated point targets of known radar cross section (transponders) and to a large number of area-extended targets also with known radar cross section as measured by externally calibrated, truck-mounted scatterometers. The radar cross section of each transponder at the SIR-B center frequency was measured on an antenna range as a function of the local angle of incidence. Two truck-mounted scatterometers observed 20-80 agricultural fields daily at 1.6 GHz with HH-polarization and at azimuth viewing angles and incidence angles equivalent to those of the SIR-B.
data take was defined by the SIR-B response to an array of six calibrated point targets of known radar cross section (transponders) and to a large number of area-extended targets also with known radar cross section as measured by externally calibrated, truck-mounted scatterometers. The radar cross section of each transponder at the SIR-B center frequency was measured on an antenna range as a function of the local angle of incidence. Two truck-mounted scatterometers observed 20-80 agricultural fields daily at 1.6 GHz with HH-polarization and at azimuth viewing angles and incidence angles equivalent to those of the SIR-B.
The form of the transfer function is completely defined by the SIR-B receiver and the incoherent averaging procedure incorporated into production of the standard SIR-B image product. Assuming that the processing properly accounts for the antenna gain, all transfer function coefficients are known except for the thermal noise power and a system "constant" that has been shown to vary as a function of uncommanded changes in the effective SIR-B transmit power. For each orbital pass, the SIR-B thermal noise was estimated from surface areas expected to yield specular reflection, and the system "constant" was determined for each area on the SIR-B image containing a target of known radar cross section. Both the point targets and the area-extended targets were found to yield nearly identical results with a mean difference of approximately 0.1 dB. For a given date, the standard error of the estimate for the system "constant" as derived by this method is found to vary from +0.85 dB to +1.35 dB. The interpass variance of the transfer functions was found to be related to the observed variance of the effective SIR-B transmit power. Application of the system transfer functions to SIR-B imagery permitted realization of science objectives by allowing comparison of multidate imagery on a common basis.
Five of the six transponders also operated as calibrated receivers. For each of six data takes, two ascending and four descending, the receivers were distributed over an area extending approximately 20 km in both range and azimuth directions. For each SIR-B data take, each receiver recorded the time history of a voltage proportional to the incident power density at the ground. The observed azimuth beam form appeared to be nominal with respect to specifications. Preliminary analysis of the range pattern, which could not be ascertained in a direct fashion with statistical confidence, indicates that the pattern may be Manuscript received December 13, 1985; revised February 7, 1986 In order to address these technical objectives, a test site was established in west-central Illinois at the intersect point of projected ascending and descending SIR-B coverage. Preceding the ascending data takes, the Challenger generally conducted orbital alignment maneuvers so that the shuttle ephemerides could be precisely determined. During the mission, six digital data takes over this site were obtained from three azimuth view angles and with local angles of incidence from -17°to 590 as given in Table I . Of the six data takes, digital imagery was produced for five swaths as illustrated in Fig. 1 An additional method for computation of the image transfer functions was provided by the observation of many area-extended targets by the truck-mounted scatterometers. Two FM-CW scatterometers were used; both were operated at 1.6 GHz with HH-polarization. On a daily basis, each system observed 40 to 80 different agricultural fields distributed along either north/south or east/west transects of the site. Scatterometer observations were made at angles of incidence and azimuth view angles equivalent to those for the SIR-B on any given orbit. The system output products were a0 as externally referenced to a Luneberg lens. Each a0 is the average of at least 100 independent samples depending upon angle of incidence. As a consequence, a statistically significant sample population was created for establishing the transfer function for each image that covered the area co-observed by the truck systems and SIR-B.
II. SIR-B ANTENNA PATTERNS AND TRANSMIT POWER For each of the six SIR-B data takes over the site, the ARC's were used to record the time history of the incident power density. The output voltage of the ARC is proportional to the received power at the input to the ARC receiver. The transfer function of each ARC was estab- The range antenna pattern assumed by JPL in the SIR-B digital correlator is shown in Fig. 3 . The research obAngle Off Boresight (Degrees) jective was to use the ARC measurements to verify this model for the antenna as deployed in orbit.
Since the range (elevation) pattern of the SIR-B antenna cannot be measured directly from the observations made by a single ARC, it must be inferred from the observations of many receivers distributed in the range direction.
The deployment of the ARC's with respect to any given shuttle orbit is depicted schematically in Fig. 4 G, to be time constant (wherein only P, varies from passto-pass), then normalizing all ARC data with respect to ,e, it was possible to examine only a limited por-the maximum P, G, and boresight angle error for each pass the range pattern by forming a composite of the yields the data composite shown in Fig. 6 . This approach, easurements for a given orbital pass. Ideally, many while certainly less than rigorous, indicates that the as-,RC's or other receivers should be distributed over sumed beam form could be quite accurate. a greater range extent in order to clearly define the shape of the pattern.
Because the transmit power from SIR-B varied with time (probably due to arcing in a coaxial cable), the differences in incident power density recorded at the ground by the ARC's were not solely related to the range antenna pattern. Hence, the ARC output voltage was used to estimate the product of the transmit power P, and the antenna gain G, by PtG, = 47rR2Pr/Aeff (2) where R is the slant range (as estimated at the stated angle of the antenna boresight relative to nadir using the preliminary ephemerides and assuming a spherical earth) and Aeff is the effective apperture of the ARC (as measured for each ARC on an antenna range).
In Fig. 5 , Pt G, is plotted for each ARC measurement as a function of the angular offset between the position of the ARC and the ground intersect of the antenna boresight as calculated from the preliminary ephemerides. The least squares fitting of the assumed beam pattern (as shown in Fig. 3 ) to the measured data yields the curves plotted in Fig. 5 . If Fig. 7 for data take known radar cross section (Fig. 1) . However, the ascending data takes (49.2 and 97.2) preceded by STS attitude alignment manuevers did image this area and consequently form the basis of the ensuing discussion.
A. Image Transfer Function for SIR-B Digital Data
The form of the transfer function for the conversion of SIR-B image digital number DN to relative units of radar backscattering coefficient or0 (m2/m2) is completely defined by the SIR-B radar and the image formation processing.
To relate DN to a , use will be made of large agricultural fields that are represented by a large number of pixels on the SAR image. Thus for each field an average digital number, DN, can be obtained by averaging over all the pixels of that field. This DN value corresponds to the mean scattering coefficient of the field a°O which is exactly what was measured by the truck scatterometers during the SIR-B mission; for each field, the scatterometers made several hundred measurements of the backscattered power in order to where P, is the transmitted power; Go, AO, and Ro are the antenna gain, resolution cell area, and range-to-target, respectively, at incidence angle 0; and X is the wavelength.
The constant Co represents the factors multiplying o A0.
Combining 4, 6, and 7, gives
Solving for ao leads to 0 = (DN2 -K2P-)IC AK2
In decibels ak(dB) = 10 log (DN2 -a) -
where ci = K2Pn and ,B = 10 log (COAO K2).
For each SIR-B digital image, the scaling factor K is given by the product of the receiver gain and the imagescaling coefficient; AO is readily calculated; Co is a modeled function of Pt, Go, and R0; and P5n can be approximated from the DN obtained for an area expected to be in the noise (i.e., the DN from a specular surface such as a smooth water body). Ideally, all coefficients in (9) are known. In practice, C0 is imperfectly known, due primarily to uncertainty in P, and Go.
B. Area-Extended Targets
In the ensuing preliminary analysis, only the SIR-B data from the ascending orbits will be considered. This data was reprocessed using the post-mission JSC path-tape to provide the ephemerides, which should leave only small residual errors related to the antenna boresight position and negligible ranging errors. For each agricultural field observed by the truck-mounted scatterometers, a mean digital number was computed as the average of 80-120 pixels that excluded boundary pixels and point target responses. The scatterometers operated at angles of incidence and azimuth view angles identical to that for a given SIR-B pass, and produced mean a0 from = 100 independent samples per field.
Each data pair (i.e., mean SIR-B DN and mean ac), was used to provide an independent estimate of the amalgamated transfer coefficients via (10). The noise power P,, is determined from small water bodies. The resultant variance in the 1B transfer coefficients as calculated for each discrete area-extended target should be related to: 1) fading in the radar cross sections measured by either the truck-mounted scatterometers or the SIR-B target response, 2) errors in the antenna gain function assumed in the digital processor, and/or 3) fluctuations in the SIR-B transmit power. The effects of fading are reduced by the averaging of relatively large sample sizes. The 2-a uncertainty due to fading is calculated to be < 0.5 dB in both cases. The test fields were distributed over a distance of about 20 km in both range and azimuth. Over this distance, Fig. 7 shows a one a uncertainty in range-averaged Pt of ' 0.5 dB. In addition to the two preceding random processes, errors in the application of the antenna gain pattern in the image processing should yield a range-dependent bias in the calculated transfer coefficients.
The calibration results from data take 97.2 are plotted The uniform distribution of the scatter in Fig. 9 indicates that the form of the transfer function is appropriate. In addition, the-scatter is shown to be within the 95-percent confidence interval related to fading.
D. Between Pass Stability
The SIR-B transfer function derived for the other ascending pass over the Illinois site, data take 49.2, is shown in Fig. 8 for comparative purposes. The between-pass dif- ference of the average transfer coefficients was found to be 2.7 dB. This between-pass difference is approximately that estimated by insertion of all known or modeled quantities into (10) for the two passes with the assumption that there is a 2.4 dB difference in the SIR-B transmit power as recorded by the receivers (Table II) In spite of variance in the SIR-B transmit power, endto-end transfer functions generated from either point targets or area-extended targets were found to yield close agreement (within 0.1 dB) for a given pass. Variance in the transfer coefficients established by either method were found to be within the confidence intervals expected from fading considerations. Pass-to-pass changes in the transfer coefficients agree with observed differences in SIR-B transmit power.
In view of these findings, it is concluded that targets of known cross section can be readily and effectively used to provide transfer functions for orbital SAR. The use of area-extended targets for this purpose yields the most satisfactory results. However, the use of point targets is far simpler and may be the preferred alternative for many situations. In either case, it is important to make use of more than one target in order to reduce uncertainties related to fading, to target deployment, or to measurement errors of the radar cross section of the target. In addition, the siting of point targets and their cross section relative to that of the background must be carefully considered in order to optimize performance. Finally, due to uncertainty in the projected swath location for shuttle-based missions, calibration targets should be broadly distributed in the range direction to ensure inclusion of several targets within the image swath.
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